[1] The spacecraft Geotail has observed the Hall current system in the vicinity of the magnetic reconnection site of the near-Earth magnetotail for substorm onsets. In the outermost region near the plasma sheet/tail lobe boundary, field-aligned currents flow out of the magnetic reconnection site. In the adjacent region, just inside the outflowing current layer, field-aligned currents flow into the magnetic reconnection site. Hence, the Hall current circuit forms a thin double-sheet structure near the separatrix layer. (2409); KEYWORDS: substorm, Hall current, magnetotail, plasma sheet, current system Citation: Nagai, T., I. Shinohara, M. Fujimoto, S. Machida, R. Nakamura, Y. Saito, and T. Mukai, Structure of the Hall current system in the vicinity of the magnetic reconnection site,
Introduction
[2] The Hall current system for magnetic reconnection was first proposed by Sonnerup [1979] . In inflow regions for magnetic reconnection, electrons are tightly magnetized and carried into the diffusion region with magnetic field lines. In this paper, the diffusion region is the electron diffusion region where electrons are unmagnetized. Since ion inertial length is approximately 40 times larger than electron inertial length, ions can easily become unmagnetized and escape from magnetic field lines. This ion-electron decoupling produces currents flowing out of the diffusion region in inflow regions. In order to conserve charges, these currents are thought to be closed with currents flowing into the diffusion region in the outflow regions. Hence the fourcurrent loop system forms in the vicinity of the magnetic reconnection site, and the current system produces the quadrupole structure in the magnetic field.
[3] Nagai et al. [1998] examined ion and electron velocity distribution functions in the vicinity of the magnetic reconnection site of the near-Earth magnetotail for substorm onset with the spacecraft Geotail. In the outermost region, there are counterstreaming electrons; high-energy (higher then 10 keV) electrons stream away, whereas mediumenergy (near 3 keV) electrons stream into the magnetic reconnection site. Nagai et al. [1998] have discussed the possibility that currents induced by these medium-energy electrons are part of the Hall current loop. Nagai et al. [2001] demonstrated that the counterstreaming electrons in the outermost layer are common characteristics of magnetic reconnection at substorm onsets, and they identified outflowing currents with 6-13 nA m À2 in the outermost layer of the plasma sheet/tail lobe boundary in the immediate vicinity of the magnetic reconnection site. The observed east-west variations in the magnetic field (By) were found to be consistent with those expected from the Hall current system. Øieroset et al. [2001] reported midtail flow reversal events (near 60 R E ) observed with the spacecraft Wind, which are not associated with substorm activity on the ground. Although there are significant background fields, they indicated that observed magnetic field deflections are consistent with the quadrupole structure and that there are counterstreaming electrons.
[4] In the previous observations, only part of the Hall current loop, current flowing out of the diffusion region, was identified. Current flowing into the diffusion region is not identified, and the structure of the Hall current system has not emerged. In order to address these problems, this paper examines currents in the immediate vicinity of the magnetic reconnection site with Geotail observations. The events examined are the same as those by Nagai et al. [2001] , since careful calibration was fully completed for the electron data taken in 1996. We have examined seven other similar events that were observed in 2000-2001 (no good events occurred in 1997 -1999 and 2002) and confirmed the present results. In the outermost layer, there are outflowing currents, current carriers of which are low-energy electrons flowing into the magnetic reconnection site. In the adjacent region, just inside the outflowing currents, there are inflowing currents. Here outflowing accelerated electrons are dominant relative to inflowing low-energy electrons. The key finding in the Geotail observations is that the Hall current loop has a thin double-sheet structure near the separatrix layer.
[5] Here, we clarify our use of the term ''Hall current system.'' The observations made with Geotail have provided evidence of only the field-aligned current part of the system. Field-aligned currents do not provide any Hall effects, since the JxB term vanishes. It is difficult to derive currents perpendicular to the magnetic field from plasma measurements in the events examined, because of the present low time resolution in highly variable magnetic Figure 1 . Magnetic field variations in the GSM coordinate system (Bx, By, Bz, and Bt) and ion velocity variations (Vx in GSM) in the Geotail observations for the period from 1600 to 1900 UT on 10 December 1996. Ground magnetic field data (the H component and dH/dt for Pi2 pulsations) from the midlatitude station Kakioka are also presented. SMP 1 -2 field conditions. Since the generation mechanism of the current system is believed to be ion-electron decoupling [see also Nagai et al., 2001] , we use the term ''Hall current system'' in this paper.
Observations
[6] Figure 1 presents Geotail magnetic field and plasma observations for the period from 1600 to 1900 UT on 10 December 1996, with ground substorm activity. The magnetic field data are Bx, By, Bz and Bt (the total magnetic field) in the geocentric solar magnetospheric (GSM) coordinates from the magnetic field experiment (MGF) [Kokubun et al., 1994] . Although the time resolution of MGF is 1/16 s, values averaged over 12 s are plotted. The plasma data are the x component of ion flow velocity Vx from the low-energy particle experiment (LEP) [Mukai et al., 1994] . The time resolution of LEP is 12 s, and the upper energy limit of LEP is 40 keV. The ground magnetic field data from Kakioka (magnetic latitude is 26.8°, and local midnight is 1440 UT) show a well-defined substorm starting near 1700 UT, seen as the onset of a midlatitude positive bay with Pi2 pulsations. In association with this onset, Geotail observed tailward ion flows with negative Bz. Substorm intensification is seen near 1740 UT as Pi2 pulsations. Geotail observed earthward flows with positive Bz, tailward flows with negative Bz, and then earthward flows with positive Bz for the period of 1742-1804 UT. Geotail was near the midnight meridian at a radial distance of 25.5 R E .
[7] For the period 1742-1804 UT, visual inspection shows counterstreaming electrons for at least 35 electron distribution functions (of 110). Two representative electron distribution functions are presented in Figure 2 . These distribution functions were obtained when Geotail was in the Southern Hemisphere (Bx < 0) earthward of the magnetic reconnection site (ion bulk flows were earthward). The distribution functions are presented in the plane including the magnetic field vector and the ion bulk flow vector. The horizontal axis is the magnetic field direction, which is almost tailward (tailward is to the right). Cuts of distribution functions in red dashed lines are also presented in Figure 2 . Since the magnetic field was (À22.5, À4.2, 0.6 nT) at 1744:00 UT and (À21.7, À5.4, 1.7 nT) at 1744:24 UT, the two distribution functions were taken in the similar magnetic field conditions. At 1744:00 UT, high-energy (>5 keV) electrons show an excess in the earthward part (the left side), whereas lowenergy (<5 keV) electrons show an excess in the tailward part (the right side). The high-energy outflowing electrons dominate the low-energy inflowing electrons, so the current direction is toward the magnetic reconnection site. It is noted that electrons have high electron temperature perpendicular to the magnetic field (Te perp). At 1744:24 UT, low-energy Figure 2 . Electron distribution functions at (a) 1744:00 UT and (b) 1744:24 UT on 10 December 1996. The distribution functions are presented in the plane that includes the magnetic field vector and the ion bulk flow vector. The x axis is the magnetic field direction (the positive direction is tailward), and the y axis is the flow velocity direction perpendicular to the magnetic field (the upward direction is duskward). Electron phase space densities from 10 À22 to 10 À18 s 3 m À6 are color coded according to the color bar. Cuts of distribution functions in the red lines are also presented. In the cuts, asymmetric parts relative to zero are red for the low-energy component and blue for the high-energy component. (<5 keV) electrons show a significant excess in the tailward part (the right side). In this case, inflowing electrons are more abundant over the whole energy range, and the current direction is out of the magnetic reconnection site. Electron distribution functions in other regions are presented by Nagai et al. [2001, Plate 6] . The magnetic field data with a time resolution of 1/16 s are presented with ion and electron energy-time diagrams for 1740-1810 UT by Nagai et al. [2001, Plate 5] .
[8] Figure 3 presents the relationship between Bx and By for the period of 1742 -1804 UT. The upper panel of Figure 3 shows the results in the period of earthward flows (x component of the ion bulk velocity (Vix) greater than +100 km/s), whereas the lower panel shows the results in the period of tailward flows (Vix less than À100 km/s). For the earthward flows, By is generally negative for Bx < 0 in the period 1742-1747 UT, and By is generally positive for Bx > 0 in the period 1752-1804 UT. For the tailward flows, By is generally negative for Bx < 0 in the period of 1747 -1752 UT. These By variations are consistent with the quadrupole structure in the magnetic field produced by the Hall current system [Sonnerup, 1979] . It is important to note that large By deflections are seen only for large Bx magnitudes and that counterstreaming electrons are seen mostly for large Bx magnitudes. The magnitude of By is mostly <5 nT. If the tail lobe field is 25 nT (see Figure 1) , the By deflection is only less than 20% of the tail lobe field. These results indicate that the Hall current system produces small magnetic perturbations only in the outer regions.
[9] Figure 4 shows field-aligned current densities as a function of Bx for the earthward flow period 1742-1747 UT and the tailward flow period 1747 -1752 UT (the three points for the earthward flow period with Bx > 0 near 1754 UT in the Northern Hemisphere are presented with N in Figure 4) . The field-aligned current densities are presented only when the counterstreaming electrons are observed (see Appendix A for a discussion of the calculation of current density). Geotail is located in the Southern Hemisphere (Bx < 0) for the earthward flow period and in the Northern Hemisphere (Bx > 0) for the tailward flow period. The counterstreaming electrons are observed only when Bx is near À20 nT in the earthward flow period and +10 to +20 nT in the tailward flow period. However, the current densities change from À12 to +14 nA m À2 (except one point of À20 nA m À2 ). Hence there are both outflowing currents and inflowing currents, and the current densities in these currents are almost equal.
[10] Figure 5 shows field-aligned current densities as a function of electron temperature perpendicular to the magnetic field, Te perp. First, we exclude the three data points obtained in the Northern Hemisphere (marked by N ). It is . Magnetic field variations in the GSM coordinate system (Bx, By, Bz, and Bt) and ion velocity variations (Vx in GSM) in the Geotail observations for the period from 1200 to 1500 UT on 18 February 1996. Ground magnetic field data (the H component and dH/dt for Pi2 pulsations) from the midlatitude station Kakioka are also presented. evident that positive (negative) current density parallel to the magnetic field (Jpara) is observed for higher (lower) Te perp. Since higher Te perp indicates that the observation is carried out in the inner part of the outflow region, the results should be interpreted as follows: For the earthward flows (in the Southern Hemisphere where the magnetic field direction is tailward), currents with Jpara < 0 in the outer part (lower Te perp) flow out of the magnetic reconnection site, whereas currents with Jpara > 0 in the inner part (higher Te perp) flow into the magnetic reconnection site. For the tailward flows (in the Northern Hemisphere where the magnetic field direction is earthward), currents with Jpara < 0 in the outer part (lower Te perp) flow out of the magnetic reconnection site, whereas currents with Jpara > 0 in the inner part (higher Te perp) flow into the magnetic reconnection site. Second, we examine the three data points (marked by N) taken in the Northern Hemisphere. Positive Jpara is observed for lower Te perp. This means that currents in the outer part flow out of the magnetic reconnection site, as expected.
[11] Here, Te perp is adopted to organize the current densities. The highest Te perp is 5.6 keV near 1755 UT, obtained near the equatorial plane in this event. Te perp would be a good indicator of some more effective heating and accelerating processes, whereas electron temperature parallel to the magnetic field (Te para) might be affected by bidirectional field-aligned beam components. However, even when we adopt Te perp, Te para, or Te average, the results are essentially the same.
[12] In the event on 10 December 1996 we have examined the current structure in the Northern and Southern Hemispheres earthward of the magnetic reconnection site and in the Northern Hemisphere tailward of the magnetic reconnection site. We examine the current structure in the Southern Hemisphere tailward of the magnetic reconnection site using the event on 18 February 1996. Figure 6 presents Geotail magnetic field and plasma observations for the period 1200 -1500 UT on 18 February 1996, with ground substorm activity. A substorm onset was seen near 1330 UT, and Geotail observed tailward and then earthward flows at (À25.6, 5.8, À1.0 R E ). Ion and electron energy-time diagrams and the magnetic field data with a time resolution of 1/16 s for the period of 1330 -1338 UT are presented by Nagai et al. [2001, Plate 3] . Two electron distribution functions showing counterstreaming features are presented by Nagai et al. [2001, Plate 4] . Since the earthward flows are observed only briefly, we examine the tailward flow period.
[13] Figure 7 shows current densities as a function of Bx and as a function of Te perp for the tailward flow period 1330 -1334 UT. Two data points for the earthward flow periods near 1335 UT are also presented as E. Parallel and antiparallel currents are seen for similar Bx values; however, the parallel currents have slightly larger Bx magnitudes [Nagai et al., 2001] . The current direction can be well organized with Te perp. The parallel currents are observed with lower Te perp, whereas the antiparallel currents are observed with higher Te perp. Geotail is now located in the Southern Hemisphere (where the magnetic field direction is tailward) tailward of the magnetic reconnection. Hence the parallel (tailward) currents flow out of the magnetic reconnection site in the outer part, whereas the antiparallel (earthward) currents flow into the magnetic reconnection site in the inner part.
[14] In summary, outflowing field-aligned currents exist in the outermost region, whereas inflowing field-aligned currents exist just inside the outflowing current layer. These two currents have almost equal current densities.
Discussion
[15] A number of two-dimensional (2-D) full particle simulations for magnetic reconnection have been carried out in the past, and the results obtained are well known [e.g., Tanaka, 1995; Horiuchi and Sato, 1997; Hesse et al., 1999 Hesse et al., , 2001 Hoshino et al., 2001; Kuznetsova et al., 2001; Prichett, 2001; Shay et al., 2001] . However, we have carried out 2-D full particle simulations of magnetic reconnection in order to compare the location of the Hall current system with the boundary that can be defined by the electron temperature (see Appendix B for our simulation).
[16] Figure 8 (top) shows the magnetic field structure near the magnetic reconnection site. The magnetic field By (in color code) shows the quadrupole structure that is expected for the Hall current system. The maximum magnitude of the By perturbation is 16% of the lobe field. It is important to note that the By perturbations exist only near the separatrix layers. Figure 8 (middle) shows the current pattern (vectors) as well as the By perturbations. There are two major currents: current 1 flowing out of the diffusion region (X = 0 and Z = 0) in the outermost regions and current 2 flowing toward the equatorial plane just inside current 1. The By perturbations are produced by the double- sheet structure constituted by currents 1 and 2. Furthermore, the outflowing and inflowing currents are mostly field aligned. Figure 8 (bottom) shows the Te perp pattern (in color code) as well as the current pattern (in vectors). It is evident that there is a temperature difference between the outer outflowing current region and the inner inflowing current region. Higher electron temperature indicates the inner part.
[17] The key finding of the Geotail observations is that the Hall current system forms the thin double-sheet structure near the separatrix layer, as illustrated in Figure 9 . The observed field-aligned parts of the Hall current system are presented with solid arrows in Figure 9 . The enhanced By perturbations are embedded in the double-sheet structure. The current carriers are mostly lower-energy inflowing electrons for the outer outflowing currents and high-energy outflowing electrons for the inner inflowing currents. The thin double-sheet current structure is located in the boundary that is defined by the electron temperature. These results are consistent with the results of the present simulations. It is noted that the By deflections produced by the Hall current system is only <20% in the magnetotail observations and the present and other simulations [e.g., Hesse et al., 2001; Hoshino et al., 2001; Kuznetsova et al., 2001; Prichett, 2001; Shay et al., 2001] . This is a marked difference from the large By deflections observed in the magnetopause reconnection event by Mozer et al. [2002] .
Conclusions
[18] The Hall current system for magnetic reconnection is one of the natural consequences of ion-electron decoupling at the microscopic level (the spatial scale is on the order of ion inertial length), as proposed by Sonnerup [1979] . The existence of the Hall current system in the immediate vicinity of the substorm-associated magnetic reconnection site has been established by Geotail observations of outflowing currents in the outermost layer of the plasma sheet [Nagai et al., 2001] . In this study, we have demonstrated that the Hall current system is constituted by the outflowing currents and the adjacent inflowing currents and that the currents have a thin double-sheet structure near the separatrix layer. , it is not easy to determine the electron flow velocity precisely. Furthermore, since the time resolution of ion and electron measurements with LEP on Geotail is 12 s, it is required that the magnetic field be stable for 12 s. In this paper, we present current densities only in the outer plasma sheet, where the magnetic field is fairly stable and electrons show field-aligned distributions (this means that the field direction is stable). When electrons show counterstreaming features, the bulk electron velocity is determined from a difference between electrons flowing parallel to the magnetic field and those flowing antiparallel to the magnetic field. The calculation of the difference is thought to be more reliable than the calculation of the slight peak shift of a broad distribution. We believe that the calculations of current densities for counterstreaming electrons in the outer plasma sheet are the most reliable. Current densities are calculated for all data in the 10 December 1996 event. For electrons showing field-aligned distributions off the equator, since accelerated high-energy electrons flow out of the magnetic reconnection, the current direction is always into the magnetic reconnection site, and current densities are highly variable. This feature is also seen in the simulations (see Figure 8) . When electrons show almost Figure 9 . The structure of the Hall current system near an X-type neutral line. Here, we assume that the plane is in the GSM x, z plane. The observed field-aligned parts of the Hall current system are illustrated with black arrows. The quadrupole magnetic field structure in By is also illustrated. isotropic distribution near the equator, the magnetic field is highly variable with 12-s plasma sampling, and the isotropic distribution itself is not reliable.
Appendix B: Simulations
[20] The present electromagnetic particle simulation model is basically the same as that described by Hoshino [1987] . We use m e /m i = 1/100 and a total particle number of 33,554,432 in a 512 Â 512 grid. The initial equilibrium configuration is chosen as a Harris-sheet equilibrium in the x, z plane. The ion inertial length l i = c/w pi (where c is light velocity and w pi is ion plasma frequency) is defined using the peak Harris density n 0 , and it corresponds to 32 grids. The results are presented at a time i t of 18.0 (where i is the ion cyclotron frequency based on the asymptotic field B 0 ).
[21] Figure 8 (middle) shows that the outflowing and inflowing currents are mostly field-aligned. For the fieldaligned currents, electrons have counterstreaming distributions that are very similar to those produced in the simulation by Hoshino et al. [2001] . For the outer outflowing current 1, current carriers are mainly field-aligned inflowing electrons with low energies. For the inner inflowing current 2, current carriers are mainly field-aligned outflowing electrons, which are accelerated near the diffusion region. For these current regions, ions form inflows perpendicular to the magnetic field, and ion-electron decoupling takes place.
